Introduction
landscape of the Tokachi River basin, central Hokkaido, northern Japan (42°45' N, 143°30' 160 E). The wetland ponds include a permanent floodplain pond, a spring-fed pond, and a cut-off 161 channel. In 2011, the study period, the annual precipitation in the region was 882 mm, and the 162 average temperature was 6.3°C. Since 1900, this region has been rapidly converted to 163 farmland as modern irrigation technology, river channelization, and drainage systems have From the remnant wetland ponds of the region, we selected 24 ponds with a wide range of 173 connectivity levels as study sites. We collected sticklebacks once from each pond from June 174 to August 2011 (Fig. 1) . We set 1 to 6 fyke nets (0.4-m diameter, 2-m bag length, and 6-m 175 wing length), depending on the pond area, in each pond. Each fyke net was stationed near 176 aquatic vegetation (floating leaf macrophytes or emergent macrophytes) for approximately 24 177 hours. Catch per unit effort (CPUE) is commonly used as a relative measure of littoral fish 178 abundance (e.g., Hinch et al., 1991; Winemiller et al., 2000) . For each of the study ponds, we 179 calculated CPUE (number captured per trap per day) to assess the relative population 180 abundance of the stickleback. In the ponds where fewer than 20 individuals were caught, weperformed additional sampling using a D-frame net (0.3-m width, 1.8-m length, and 1-mm 182 mesh size) for 30 minutes near the sampling points for the fyke net. Part of the tail fin was 183 collected from each individual and preserved in 95% ethanol for subsequent genetic analyses. 184
Because juveniles may group with kin, we only sampled mature-sized sticklebacks (> 40 mm 185 in length) to avoid genetic bias. We tested for linkage disequilibrium between all pairs of loci. We also tested all loci in all 202 populations for deviations from Hardy-Weinberg equilibrium using an exact test. These tests 203 were implemented in GENEPOP 4.0 (Raymond & Rousset, 1995), and each parameter for the 204 tests was set as follows: Dememorization; 1000, Batch size; 100, Iterations per batch; 1000. 205
Significance levels were adjusted using the Sequential Bonferroni correction (Rice, 1989 We applied graph theory to assess the relative importance of each wetland pond in the 215 wetland network. To understand and visualize the habitat network using graph theory, we can 216 construct a landscape graph with two components: habitat patches as nodes and habitat 217 connections as links (Minor & Urban, 2008) . In the present study, we constructed a 218 hydrologic landscape graph that defined the wetland ponds as nodes and the watercourses 219 (agricultural drainage ditches and streams) as links. A vector map of ponds and watercourses 220 was created using aerial photographs taken in 2005 and 2010 (provided by the Obihiro 221 Development and Construction Department). We included all remnant ponds to construct the 222 graph. Because of the possibility of non-detection of watercourses using the aerial 223 photographs, we conducted a complementary field survey to check for the presence of 224 watercourses. The network structure varies according to the definition of the connectivity 225 threshold. We tested nine connectivity thresholds (0 km, 2.5 km, 5 km, 7.5 km, 10 km, 12.5 226 we set 20 km as the maximum threshold distance for hydrologic connectivity in our study area 228 because the network structures did not change significantly if connectivity distances greater 229 than this maximum were used (Fig. 2) . 230
231

-Network analysis 232
The importance of each pond in the network was assessed using the relative decrease in the The dIIC is based on the concept of habitat availability, which quantifies both inter-patch 248 connectivity (i.e., connectivity) and intra-patch connectivity (i.e., patch size) in measures of 249 total landscape connectivity. Both habitat connectivity and habitat size are generally related to 250 demographic or genetic properties, which suggests that this integral index can explain the 251 variations in population abundance or genetic diversity simply and sufficiently. A dIIC 252 calculated with a 0-km threshold (dIIC_0 km) is closely related to the size of the studied pond 253 (r > 0.9; n = 24) because the index under this connectivity threshold treats all ponds as fully 254 isolated from each other (i.e., the index is calculated using only habitat size). Therefore, we 255 used the value of dIIC_0 km as the index of pond size. The dIIC values were calculated using 256
Conefor Sensinode 2.2 software (Saura & Torne, 2009) . 257
258
-Habitat quality 259
We measured the water depth, vegetation cover ratio, electrical conductivity (EC), pH, and 260 dissolved oxygen (DO) in the ponds once during the study period. The water depth and 261 vegetation cover ratio were indices of habitat structure, and EC, pH, and DO were indices of 262 water quality. Because these measurements may vary even within a pond, we measured at 263 several sites (water depth: 6-27 sites per pond; water quality indices: 1-6 sites per pond) in 264 each of the ponds depending on the pond area. The average values for these habitat quality The dIICs calculated using the different connectivity thresholds were highly correlated with 281 each other (r > 0.7). To find the critical connectivity thresholds for population abundance and 282 genetic diversity while avoiding the risk of multicollinearity, we used the dIIC that had the 283 highest correlation with each response variable as an explanatory variable for the full models. 284
For each response variable, we constructed single regression models using each dIIC 285 calculated with a different connectivity threshold and selected the dIIC with the highest 286 correlation (i.e., lowest AICc value; Burnham & Anderson, 2002) among all dIICs. A high 287 correlation was also found between DO and the vegetation cover ratio in 17 populations for 288 the genetic diversity analyses (r = -0.76). Therefore, the vegetation cover ratio showing higher 289 correlations with genetic diversity was used as an explanatory variable for the full models. 290
Based on the full model, we constructed models for all cases using a best-subset procedure 291 (Burnham & Anderson, 2002) , and model performance was evaluated using AICc. Then, we 292 averaged all of the models using the Akaike weight (Wi) of each model in the cases where 293 multiple equivalent models were detected (∆ AICc < 2). In each averaged model, the 294 explanatory parameters for which the 95% confidence intervals did not include zero were 295 considered influential parameters. To improve normality, the vegetation cover ratio wasarcsine-transformed, and CPUE and other explanatory variables were log-transformed. 297
The relationships between F st and watercourse distance between populations were examined 298 using a Mantel test to assess the presence of IBD. All statistical analyses were conducted using 299 R (R Development Core Team, 2008, ver. 2.15.0), and the MuMin package (dredge function) 300 was used for model averaging (Bartoń, 2012) . 301 302
Results
303
We collected a total of 6804 sticklebacks from 24 ponds. CPUE ranged from 0 to 669 304 (Table 1) . We collected enough samples for genetic analyses (> 20) at 17 ponds, and a total of 305 524 individuals were genotyped (Table 1) (Table 1) . 311
Among the nine connectivity thresholds tested, CPUE and genetic diversity were best 312 explained by 5-km (dIIC_5 km) and 12.5-km (dIIC_12.5 km) thresholds, respectively, based 313 on the single regression analyses (Table 2) . Therefore, in addition to the local pond-quality 314 indices, we adopted dIIC_5 km and dIIC_12.5 km for the full models of CPUE and genetic 315 diversity, respectively. 316 diversity was influenced by a larger spatial scale than that of abundance. For CPUE, only4). For He, only pond quality indices were included in the best model; He was negatively 323 related to vegetation cover ratio and was positively related to pH (Fig. 5) . 324
The importance of habitat size and connectivity differed between population abundance and 325 genetic diversity. For CPUE, the AICc of the model using dIIC_0 km (i.e., considering only 326 pond size) as an explanatory variable was lower than that of the Null model (∆ AICc < 2), and 327
the AICc of the model using dIIC_5 km (i.e., considering both pond size and connectivity) 328 was lower than that of the model using dIIC_0 km (∆ AICc < 2; Table 2 ). This result indicates 329 that both pond size and connectivity were influential factors for population abundance. For 330
Ar, the AICc of the model using dIIC_12.5 km (i.e., considering both pond size and 331 connectivity) was lower than that of the Null model, whereas the AICc of the model using 332 dIIC_0 km (i.e., considering only pond size) as an explanatory variable was higher than that 333 of the Null model (Table 2 ). This result indicates that genetic diversity was not related to pond 334 size but only to connectivity. Although the genetic differentiation between ponds was 335 relatively low (F st < 0.07), the pattern of IBD was significant (R 2 = 0.37, Fig. 6 ). One 336 population (p1 in Table 2 ) that had low connectivity showed high genetic divergence. When 337 we determined IBD without this population, the pattern remained significant but was weaker 338 (F st < 0.03, R 2 = 0.19). We found that the connectivity threshold of genetic diversity was greater than that of 381 population abundance in a habitat network. This gap between the thresholds may be attributed 382 to the difference in the effective dispersal between population abundance and genetic diversity, 383 as we predicted. The connectivity thresholds for population abundance and Ar were 5 km and 384 12.5 km, respectively, suggesting that dispersals of less than 5 km may be frequent in this 385 wetland network. In contrast to heterozygosity, allelic richness was not related to local environments but 422 rather to habitat connectivity. This result is contrary to expectation because a bottleneck 423 would reduce allelic richness more rapidly than heterozygosity (Frankham et al., 2002) . 424
However, in the presence of gene flow, the response of allelic richness to a population 425 bottleneck caused by environmental changes might show patterns differing from complete 426 fragmentation. For example, only a few immigrants would contribute to increased allelic 427 richness if they had alleles that differed from those of the recipient population. Consequently, 428 the influence of past bottlenecks may be decreased by the presence of habitat connectivity. So 429 few immigrants, however, would not immediately increase heterozygosity, especially when 430 the population size was large. This consideration could partly explain the discordance 431 between heterozygosity and allelic richness, although other possibilities may exist. 432
433
-Conservation implications 434
Our most important finding in designing a habitat network is that the critical connectivity 435 threshold for genetic diversity was greater than that for population abundance. This finding 436 emphasizes that landscape managers need to consider the appropriate spatial scale according 437 to the set time scale for population conservation. Specifically, long-distance connections 438 among habitats should be conserved or restored if long-term population persistence (i.e., 439 genetic diversity conservation) is set as a conservation target. In contrast, population 440 abundance should be preferentially restored or maintained if population conservation is 441 urgently needed. In this situation, the efficient conservation of the habitat connections 442 affecting population abundance with a minimal cost is important, and short-distance 443 connections maintaining population abundance should be preferentially conserved. 444
The genetic diversity of the stickleback was not related to habitat size but was related to 445 habitat connectivity in the studied wetland network, indicating that management priority 446 should be placed on the conservation of connectivity in terms of a genetic context. A large part 447 of the natural connectivity among the studied wetland ponds had been sustained by natural 448 flooding, but that has disappeared as a result of the human landscape modifications in this 449 region. Nevertheless, the human-created watercourse network, e.g., agricultural ditches, 450 appears to function as an alternative connectivity for the ninespine stickleback. In general, 451 these watercourses are widely distributed in agricultural landscapes (Williams et al., 2004) . 452
Hence, we believe that a population network of wetland animals can be maintained or restored 453 by conserving the existing semi-natural or artificial watercourses, even in highly alteredconnectivity but also to the size. Therefore, wetland management considering both wetland 456 connectivity and size should be required in view of the demographic context. 457
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